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Abstract 
A simple experiment  for capillary sealed trap shows that leakage would occur only from the weakest point in the trap. As an 
extens ion of this concept, the sequestrated and accumulated CO 2 in the structural high may happen to leak from the unexpected 
weak point near the top of sealing layer. On the other hand, if CO 2  were sequestrated into the flank of tilted aquifer, CO 2  in 
separate phas e would migrate upward within aquifer with no CO 2 leakage into the sealing layer  above and leaving  some residual 
amount behind. According to this concept, the best location for sequestration of CO2 could be the flank of the structure rather 
than the top.  
© 2008 Elsevier Ltd . All rights reserved  
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1. Introduction 
For the storage capacity assessment, understanding sealing mechanism is a must. This paper implies vulnerability 
on structural trapping, and proposes non -structural aquifer s with resi dual saturated CO 2 could be a safer site for 
future sequestration. Sequestrated CO 2 may first dissolve into formation water. After being saturated wi th water, 
CO2 then may exist as a separate phase. CO2 of this stage is supposed to be under super -critical condition, whose 
behavior may close to that of gaseous phase. In this paper, a new concept under this condition is proposed for 
possible mechanism of CO2 storage in the subsurface.
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Fig.1  UFO-like Baby Toy for Simple 
Fig.2   
Gravitational Force under 1-phase Flow vs.  
Buoyancy Force against Capillary Force (2 -Phase Flow) 
 
A simple experiment using baby toy (Fig.1) 
showed us an important fact that the air leakage 
occurs only weakes t point even though there exist 
secondary and tertiary leakage routes. Here is a 
UFO-like toy made of plastic with one hole on the 
top and many holes on the bottom. We now hold  it  
up with upside down and push it into water. What 
we can see is that bubbles are coming out only from 
the hole at the top as water invades into the inside  
from the bottom. There are many other open holes 
near the top, but no bubbles come out from them. 
Further experiments suggest the leakage point is the 
one where buoyancy force is maximized relatively 
compared to capillary pressure at the top (Fig.2).   
The lesson we have learnt from these facts is that 
the leakage from the established  accumulation site 
would occur from the weakest point in the seal 
ceiling of the aquifer . To estimate the seal capacity, 
we must find out the minimum pore throat within the 
large top seal ceiling (This is called  ‘ finding 
minimum’ problem, and it is very difficult to solve 
because proper measurement cannot be made from 
the samples arbitrary obtained).  
Now we compare CO 2 storage at the structural top versus that in the tilted flank. Applying the above concept, an 
easy leakage could occur near the top of structure after accumulating some amount of CO2, whereas no flow would 
occur upw ard into seal during its flow along with the tilted flank because pore throat in sealing facies is much 
smaller than that in aquifer  sand. 
Therefore, as far as leakage point of view, safer location for sequestration is the tilted flank rather than the top of 
the structure. In this case, we expect that residual saturation may play an important role for the mechanism of CO 2 
storage. For the simulating target, it is easier to assume the heterogeneity within aquifers rather than that within the 
top seal. Thus avoiding ‘finding minimum’ problem would be necessary strategy for the successful simulation, and 
then for the real candidate for the CCS  program.  
2. Development of New Idea from Simple Experiment using Baby Toy  
It inspired me when I was taking a bath with my granddaughters.  The UFO shape baby toy has one hole on the 
top with many holes at the bottom which imitates the pipe to fire out (Fig.1 ).  When it is lifted up after staying it 
under the water to fill up with water, the water comes down from all the holes evenly. T his is the case of one-phase 
gravitational flow.  
As a next step, after draining all  the water inside the toy as indicated by the above process, the whole toy is 
flapped over as upside down, and pushed into the water.  Since  
many holes on the top in this case, it was thought that many 
bubbles may come out from all the holes evenly.  However, the 
fact is shown in Figure 2, where the only bubbles come out from 
only one hole on the top.  Even there are man y other holes on the 
top ceiling, they are not acted as leaking point.   
At each hole two forces are exerted ag ainst each other; one is 
capillary force exerted downward, and the oth er is buoyancy force 
exerted upward.  In a view from the point of petroleum geology, 
the equivalent discussion shall be taken as follows; oil or gas is 
trapped by the top seal, the phenomenon for which is explained by 
Fig.3  Hydrostatic Equilibrium Equation 
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the following physical equation. The s ituation where hydrocarbons (oil and/or gas) have accumulated to the 
maximum column height is described by t he ’Hydrostatic  T rap-Equilibrium Equation (Fig.3, Nakayama and Van 
Siclen, 1981 [1] );  
2 · γ · cosθ / R = g · Hc · (ρw - ρh)                                  (Eq. 1) 
where γ = interfacial tension, θ = wettability (interfaced angle), R = pore throat radius,  g = acceleration of gravity, 
ρw = density of formation water, ρh = density of hydrocarbons, Hc = maximum hydrocarbon column height.  
We apply this equ ation to the case of bubble leakage from Baby Toy.  
The hole from which the bubbles come out is the highest point, for which the buoya ncy force is maximum.  This 
point is the weakest point of the system, therefore it is the first break point for the air sta cked inside the toy to 
migrate up.  Once the flow was initiated, capillary force at the other holes prevents  bubbles to go out through them.  
They are just like seals even though there are holes. Thus the leaking process occurs only from the weakest point of 
the system. 
The analogy must occur for the case of migration of sequestrated CO2 in the aquifer.  If there is a t rap at the top 
of anticlinal st ructure with a ‘seal layer’ over it, the leakage would oc cur from the weakest point of the trapping 
system.  The maximum column height to be trapped is easily estim ated if the trap was once accumulated site of 
certain fluid as abandon ed oil or gas reservoirs. However, it is not assured where leaking occur and what is the 
minimum column height for such weakest poi nt. 
3. Modes of Flow Regime under Different Flow Rate Conditions  
Flow regime is reportedly different depending on 
flow rate conditions according to Tokunaga et. al. 
(2000)[3].  Therefore, we have to consider two cases of 
migration modes after CO2 is injected into the aquifer; 
one is ‘Rapid Mode’ that represents right after injection 
takes place, and the other is ‘Slow Mode’ that is 
supposed to take over long time after injection ceased.  
Tokunaga et al. (2000)[3] carry out the laboratory 
experiment in which oil is injected into the cylindrical 
apparatus packed with equal sized glass beads of 
controlled diameters. The oil front was moving as 
steady displacement when rate of injection is rather 
rapid, whereas the oil front was moving with fingering 
according to  capillary effect when it was rather slow 
(Fig. 4 ).  They quantitatively evaluate that different  
flow regime appears depending on the dimensionless 
parameters of capillary number  and modified bond 
number (Fig. 5 ).  Regardless of precise estimation of 
such parameters for quantitative evaluation, we note 
that we have to discuss the behavior of  CO2 flow in two 
different ways; one in ‘Rapid Mode’ and the other in 
‘Slow Mode’. The former corresponds to flow 
condition treated by engineer with rather short time 
phenomenon, whereas the latter corresponds  to flow 
condition treated by geologist with geologic time scale. 
We must evaluate the migration of injected CO2 with 
such two flow regimes in mind.  
Migration may take place statically break through of 
capillary force by injected pressure in the vicinity of 
injected well with ‘Rapid Mode’, whereas migration 
Fig.5  'Rapid Mode' with Steady Displacement vs.   
 'Slow Mode' with Capillary Fingering  
Fig.4  Modes of Flow Regime under Different 
Flow Rate Condition 
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Table 1 Dependency of Residual Saturation on Injected Flow Rate 
Low Rate High Rate
Rate of Gas injected (ml/min) 3 15
Time of injection (min) 20 4
Total Amount injected (ml) 60 60
Amount of Residual Gas (ml) 9.3 27.9
Volume of Residual Gas Distributed (ml) 254 425
shall take place with ‘Slow Mode’ after flow rate is lowered at a certain distance away from the well bore.  
4. Consideration on Residual Saturation during Migration after CO 2 sequestration  
How to take place the process that injected CO2 would be  
remained as residuals may be the matter depending on the flow 
regime. The timely experiments were carri ed out by Takahashi 
(2008)[2] focusing on the discussion on the residua l saturation 
when CO2 was injected. The following discussion is made for 
the ‘Slow Mode’ in the experiment by the previous section 
although the injection rate cannot be directly compared because 
of the different systems.  
Takahashi (2008)[2] build the plat e-like apparatus 
consisting of sandwiched glass plate in which the porous media 
is created with glass beads. Air as a gaseous material is injected 
from a hole at the bottom of the apparatus. The behavior o f 
injected air is observed under the conditions of different flow 
rate.  The experiment with homogeneous reservoir model 
shows that the residual satura tion is greater (6.6%= 27.9/425 ) 
when rate of injection is higher (15 ml/min) (Fig. 6), as 
saturation of 3.7% (=9.3/254) when rate is slower (3.0 ml/min).  
The distributed area of injected air is more (425 ml) at the higher 
rate rather than lower rate (254 ml), therefore more gas (air; 27.9 
ml) is stacked within the system compared with the case of low 
rate injection (absolute amount of residual air; 9.3 ml). This is 
because injected gas does not migrate evenly but with channeling.   
 
 
The experiments with different grain size of horizontal layers 
take place as representing more realistic con dition (Fig. 7 ).  Gas 
is once trapped at the top boundary with finer grain layer, 
however trapped gas leaks completely with almost no residual 
gas in the trapped area.  Some residual gas is found along the 
route gas was migrating without trapped in both fi ne and coarse 
layers (Fig. 8 ).   This result shows that certain amoun t of residual 
gas is developed while gas was on migrating, however that little 
residual gas may found in the area where gas was once trapped.  
As an extensi on of this concept, we conclude less -sorted 
sandstones would be much effective than well -sorted sands tones.  
Less -sorted sandstones must have  a lot of pore cavities with 
dead-end, therefore the residual saturation for migrating CO2 in 
this media would be maximized.  
 
 
Fig.7  Model for Horizontal Layering  
Fig. 8  Behavior of Gas Movement for  
Layering Model  
Fig.6  Residual Gas Saturation depends 
 on Different Flow Rate  
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5. Importance of Monito ring on CO 2 migrated rather than leaked 
Summarizing all the features described above, CO 2 migration after injected would follow the scenario described 
below.  Certain amount of CO 2 may dissolve into the water, but significant amount may remain in separate phase in 
super critical condition.  In this paper the discussion assumes that the behavio r of super critical condition of CO2 can 
be discussed as close to that of gaseous  CO2 although some parameter s of interfacial tension and wettabi lity may 
slightly be different.   
1) In the vicinity of well bore at injected site, the migration shall take place with ‘Rapid Mode’ in which CO 2  
would be moving with steady front.  If there is fine grained layer close enough to the injected point in the subsurface, 
CO2 may be also migrated into such fine sediments. This amount is considered to be very little compared with the 
amount migrating within aquifer, because great difference on permeability.  
2) In a rea at the certain distance away from well bore (a few 10 meters), the rate of migration speed would 
decrease to ‘Slow Mode’ where CO 2 front i s moving with capillary fingering.  While migration takes place with 
capillary fingering, CO2 may leave a certain amount as a residue within the aquifer  behind.  
3) If the injected CO 2 may reach at the top of  
structure, it starts to be accumulated.  After trapped 
amount of CO2 may reach to a certain column height,  
CO2 may leak into the above sealing layer through a 
possible minimum of sealing capacity (upper figure in 
Fig. 9).  
4) On the contrary, in the case of mono-clinal  
situation without any significant traps (ie. there is no 
such a local high, or , if any, a local relief is low 
enough compared with the minimum top seal 
capacity), then, CO2 would continue to migrate 
upward with leaving some residual amount behind 
(lower figure in Fig. 9).  
6. Conclusions 
We propose the safest and, therefore, socially accepted way of CO2 sequestration.  We do not need any special 
geological ly -verified  traps, but a gentle-tilted aquifer  relatively confined by less -permeable layers.  Less -sorted 
sandstones are the most effective c andidate for this type of sequestration site.  S uch sites will be found easily near 
the source sites.  
Once CO2 is injected into the aquifer, CO2 would first invade into pores with ‘Rapid Mode’ , then migrate up -
ward according to the residual pressure and finally buoyancy, as the flow status becomes ‘Slow Mode’.  In both 
cases, a certain amount of residual CO 2 would be left within the aquifer as migration goes on.  However, once CO2 
is accumulated at the trap on the way of migration, and when it leaks there i s no residual CO2 left in the trapped area.  
CO2 should leak from the traps if the buoy ancy caused by accumulated CO2 exceeds the capillary pressure of 
unexpected weakest point in the upper seal.  A weakest point that such leakage would occur is very difficult or 
almost impossible to be fou nd.  On the other hand, as injected CO2 in the tilted structure must migrate along with the 
aquifer because weakest point is always found in the direction within aquifer, assuming pore throat is much bigger 
for aquifer sand compared with that for seal. Therefore, a certain amount of CO2 2 may be safely stored within the 
aquifer system as its residual.  
Thus the most suitable site for CO2 sequestration would be an aquifer located structurally on the tilted flank far 
away from the structural top, but not the one located at the crest.  Amount to be injected at the well of this type can 
be limited according to the saturated area with residual CO 2 to be left.  Therefore, wells continue to be drilled 
location to location after a certain amount of injection has been completed at each location.  It looks not so effective, 
but we believe this is the safest and only way to execute the program of CO2 sequestration together with gaining 
public consensus.  
 
Fig.9  Consideration on Suitable Site for Sequestration  
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